Terahertz pulse shaping technique is used to adaptively design terahertz waveforms of enhanced spectral correlation to particular materials among a given set of materials. In a proof-of-principle experiment performed with a two-dimensional image target consisted of meta-materials of distinctive resonance frequencies, the as-designed waveforms are used to demonstrate terahertz substance imaging. It is hoped that this materialspecific terahertz waveforms may enable single-or few-shot terahertz material classification when being used in conjunction with terahertz power measurement. 
Introduction
Recent advances in science and technology of terahertz (THz) frequency wave have made impactful contributions to a variety of research areas including physics, chemistry, material science, and electric engineering [1] . Because of the spectral richness of many materials in THz frequency range, THz time-domain spectroscopy (THz-TDS) has become one of the essential analyzing tools in material science nowadays [2] , and its applications are particularly promising in biological and medical imaging, nondestructive inspection, and hazardous material classification to list [3] [4] [5] . Although THz-TDS is a powerful technique of high-resolution spectroscopy, its temporal profile measurement of electric fields is often time-consuming. However, some THz-TDS applications, for example, material identification may not require a full measurement of the THz spectral response function of an unknown material, but instead comparing its spectral correlations to an archived THz spectral database of a classified materials may be enough. In that regards, transmissive THz power detection with a series of pre-determined THz waveforms coupled to the material database can simply identify the unknown material. Therefore, one could consider adaptive pulse-shaping technique to design a set of THz waveforms of material-specific spectral correlations and use those shaped THz pulses for substance imaging, which is the subject of the present paper.
As for the pulse-shaping, there has been much interest in optical frequency domain, in part because of its applications in telecommunication and signal processing [6] , and in part because of its potential use as a new optical means toward selective control of electronic and vibrational response of materials [7] [8] [9] [10] . Of particular relevance in the context of the present paper is the coherent control spectroscopy introduced by Ogilvie and co-workers, where the nonlinear nature of two-photon fluorescence provided by shaped optical fields has been exploited for selective substance microscopy of biological materials [11] . In THz frequency region, several methods have been developed for the generation of arbitrary THz waveforms, most of which are based on THz emission by spatially and/or temporally shaped optical pulses [12] [13] [14] [15] [16] [17] [18] , or tunable THz waveform generation from quasi-phase matching process [19] , or air-plasma breakdown phenomena [20] . However, there are few practical imaging methodologies which explicitly take the full advantage of pulse-shaping capability.
In this paper, we consider THz waveform shaping for the purpose of material classification. For this, we use a set of meta-materials of distinctive spectral responses, and THz waveforms are adaptively designed to match their spectral responses to the materials, respectively. With the prepared THz waveforms then we carry out a proof-of-principle experiment of THz substance imaging of a two-dimensional target constructed with those meta-materials. 
Sample preparation
For the test of the material classification based on THz pulse-shaping, we used meta-material samples of noticeable spectral feature in THz frequency range. We chose electrically resonant meta-materials (ETMs), in which magnetic response is suppressed by symmetry and thus purely electrically resonant response can be constructed [21] . In Figs. 1(a) and 1(b), the design of the two ETMs (ETM1 and ETM2) are shown. The norm of the electric field at resonance frequency is displaced, where the red regions in the gaps indicate strong local field enhancement. As the capacitance C of ETM1 is about two-times larger than that of ETM2, while their inductance L's are about the same, the resonance frequency, which is given by ω o = 1/ √ LC for an RLC circuit, of ETM1 is red-shifted compared to that of ETM2.
The fabrication of the designed ETMs was carried out by using a conventional photolithographic method. Gold stripes of 150-nm thickness were arranged in a planar array geometry on a 500-μm-thick silicon substrate with a 15-nm-thick titanium adhesion layer. The fabricated ETMs are shown in Figs. 1(c) and 1(d). The density of each ETM was chosen so that the same amount of the power for an unshaped THz pulse transmitted through the samples. The lattice constants of ETM1 and ETM2 were chosen 54 and 50 μm, respectively. In Figs. 1(e) and 1(f), the measurements of the transmitted amplitude spectra are shown, where the resonance 
Experimental procedure
Experimental demonstration was performed in a generic THz-TDS with a pulse-shaping addon. The experimental setup is schematically shown in Fig. 2(a) . Ultrafast optical pulses were produced from a Ti:sapphire mode-locked laser oscillator, and pulse-shaped by a spatial light modulator (SLM) placed in the Fourier plane of a 4-f geometry Martinez zero-dispersion stretcher [22] . The SLM consisted of 128 liquid crystal pixels of individual phase modulation for the wavelength range of 830-870 nm. For the spectral arrangement of the optical pulses, a pair of holographic grating of 1800 lines/mm groove density was used as well as a pair of cylindrical lens of focal length of 150 mm [12] . Then, the shaped optical pulses were focused on to a photoconductive antenna to generate shaped THz pulses. The generated THz radiation pulses were detected via optical gating method with a 2-mm-thick 110 ZnTe crystal in the far-field region, where the temporal profile measurement of the THz pulses was carried out. For the THz transmitted power measurement, we used temporal integration of the square of the temporal electric field measurement. It is noted that a direct THz power detection using a lowtemperature bolometer, as shown in Fig. 2(a) , could replace the THz-TDS of our experiment. THz pulses were shaped with an adaptive feed-back algorithm, where the optimization target function was the spectral correlation difference C 1 defined as
where E(ω) is the amplitude spectrum of the tested THz pulse and t 1,2 (ω) are the amplitude transmission coefficients [23] of ETM1 and ETM2, respectively. So, a shaped THz waveform E(ω) which finds the biggest positive (negative) C 1 ({E(ω)}) can be used to detect the first (the second) among the two materials. Likewise, this method can be generalized for a larger set of material substances than two: Finding the i th material among M different materials can be achieved by finding the biggest value for the correlation function, for example, C i ({E(ω)}) which can be defined as
where t i (ω) is the amplitude transmission coefficient [23] of the i th material.
As the spectral correlation function C 1 ({E(ω)}) is given linear to each spectral intensity |E(ω)| 2 , designing an optimal THz pulse shape {E(ω)} is mathematically straightforward. For example, the biggest C 1 ({E(ω)}) in Eq. (1) can be obtained by maximizing the spectral intensity |E(ω)| 2 for those spectral components that satisfy |t 1 (ω)| > |t 2 (ω)| and, at the same time, by minimizing |E(ω)| 2 for |t 1 (ω)| < |t 2 (ω)|. However, as the pulse shaping procedure of THz waveforms is indirectly processed via temporal pulse shaping of optical pulses in the phaseonly shaper, there exist practical limitations to the capability of precise THz pulse shaping. Therefore, we chose alternatively an adaptive search procedure for the design of optimal THz pulse shapes by sequentially increasing or decreasing C 1 ({E(ω)}), which intuitively verified two substances.
Figure 2(b) shows the optimization procedure of the adaptive THz pulse shaping with a feedback loop which was operated based on genetic search algorithm [24] . For the optimization passage, we used the single parameter C 1 ({E (i) (ω)}) which was defined by the power difference of two THz signals through the two substances, ETM1 and ETM2, respectively. We first started with a set of 30 random phase vectors (populations). The series of initial 30 phase vectors was randomly generated within [−π, π] and both the transmitted THz temporal profiles were measured by alternating the samples ETM1 and ETM2. The correlation function C 1 ({E (i) (ω)}) was then evaluated for each phase vector. Once the measurements for all the initial phase vectors were completed, the phase vector that gave the smallest absolute value for C 1 was discarded, and a pair of phase vectors was selected among the others, and an off-spring phase vector was generated based on the crossover and roulette rules in the genetic algorithm, with the random phase change (mutations) of 3% of SLM pixel elements [24] . The newly constructed 30 phase vectors were then used for the next generation, and the procedure repeated itself for N = 128 iterations until the optimal phase vector was determined. Figure 3 shows the experimental adaptive search results for the biggest positive and negative correlation function C 1 , respectively. In the first experiment, finding the biggest positive C 1 in Figs. 3(a-c) , the optimization procedure found the THz programmed waveform that transmitted through ETM1 better than ETM2. The iterative measurements of C 1 during its positive maximization process are shown in Fig. 3(a) . All of the correlation difference from the initial 30 phase vectors increased gradually during the feed-back loop evolution. During the total N = 128 iterations, adaptively found THz waveforms and their spectra changed significantly. The best value of correlation differences provided by the set of the 30 phase vectors increased from 4.2 to 10.3 (arb. unit) and the average increased from 2.0 to 8.5. With the best phase vector that gave the maximal correlation difference at the end of the 128 iterations, the measured THz waveforms transmitted through the samples ETM1 and ETM2 are, respectively, shown in Fig. 3(b) . Their amplitude spectra plotted in Fig. 3(c) clearly show interesting frequency characteristics: Their spectral response difference is broadly located around 0.8 THz, near the resonance frequency 0.77 THz of ETM2, and relatively low spectral density around 0.5 THz, near the ETM1 resonance. This result is in an excellent agreement with the prediction provided in Sec. 3: Positive maximization of C 1 was achieved by increasing the spectral intensity |E(ω)| 2 for the ω region that satisfied |t 1 (ω)| > |t 2 (ω)|, which was around 0.77 THz, and, at the same time, decreasing the spectral region for |t 1 (ω)| < |t 2 (ω)|, which was near 0.5 THz. So, the as-found THz waveform provided relatively high transmission through ETM1 compared to ETM2, and, therefore, the C 1 maximization was achieved. Likewise, the second experiment, finding the biggest negative C 1 , is shown in Figs. 3(d-f) , where the spectral density of the shaped THz pulse is mainly located around 0.5 THz, having significant spectral difference between the ETM1 and ETM2 transmission, as shown in Fig. 3(f) . Although their spectral behaviors around 0.77 THz were not perfect, the as-found THz waveform minimized the spectral correlation C 1 , as predicted. Finally, we performed the substance imaging experiment with the adaptively achieved THz waveforms. The imaging target shown in Fig. 4(a) consisted of the two different THz metamaterials, where the left half square was filled with ETM1 and the right half with ETM2. Figure  4 indicate that the relative contrast, defined by P contrast = (P 1 − P 2 ) / (P 1 + P 2 ), where P 1 and P 2 are the transmitted THz powers in the ETM1 and ETM2 regions, respectively, is enhanced by a factor of 9.5 compared to the initial power fluctuation level. Therefore, the shaped THz pulse shaping system demonstrates enhanced THz substance contrast imaging as a result of selective attenuation sensitivity of the shaped THz pulses coupled with the material responses.
Results and discussion

Conclusions
In summary, this work has demonstrated that THz material substance imaging is achieved through a THz pulse-shaping method. THz pulse shaping has provided frequency-modulated THz pulses and material specific absorption change. During the procedure of evolutionary algorithm, the increase or decrease of spectral correlation difference has made it possible to
